Over centuries, structural glasses have been deemed as a strong yet inherently 'brittle' material due to their lack of tensile ductility. However, here we report bulk metallic glasses exhibiting both a high strength of ,2 GPa and an unprecedented tensile elongation of 2-4% at room temperature. Our experiments have demonstrated that intense structural evolution can be triggered in theses glasses by the carefully controlled surface mechanical attrition treatment, leading to the formation of gradient amorphous microstructures across the sample thickness. As a result, the engineered amorphous microstructures effectively promote multiple shear banding while delay cavitation in the bulk metallic glass, thus resulting in superior tensile ductility. The outcome of our research uncovers an unusual work-hardening mechanism in monolithic bulk metallic glasses and demonstrates a promising yet low-cost strategy suitable for producing large-sized, ultra-strong and stretchable structural glasses.
G
lasses have been existent in our society for thousands of years. They came along from the ancient time to our modern world as a very important class of engineering materials 1 . Some of them could be readily seen in our daily life, such as window pane (ceramic glass) and unfilled epoxy resin (polymeric glass); and some of them already became a necessity or showed a great potential for today's nano-and bio-technology, such as amorphous silicon and amorphous metals, also known as metallic glass 2, 3 . Despite the technological importance of these structural glasses, they have been suffering a similar kind of problem since their advent. Strong glasses, such as ceramic and metallic glasses, are not stretchable in tension, usually failing catastrophically upon yielding; whilst soft glasses, such as polymeric glasses, are stretchable but their strength is just too low to be considered in most structural applications. For materials scientists, this strength-ductility paradox is a longlasting problem, which is yet to be tackled for structural glasses despite that substantial efforts have been paid over the past decades [4] [5] [6] [7] . Making a strong yet stretchable glass poses a big challenge to materials scientists. Unlike crystals whose properties are tunable via microstructural engineering, glasses inherit an amorphous structure from their liquid melts. Due to the lack of crystalline-like defects, like dislocations, glasses are generally much stronger than their crystalline counterparts; however, they are also plagued by the structural amorphousness and usually display no ductility in a uniaxial mechanical test 8, 9 . This brittle fracture mode has prompted people to seek solutions by combining monolithic glasses with secondary 'phases', such as crystalline inclusions or voids/pores, in order to attain ductility through the interaction of these secondary 'phases' with the otherwise catastrophically growing defects, such as shear bands or cracks Method). For mechanical characterization, dog-bone shaped tensile specimens, with the gauge dimensions of 3 mm 3 1 mm 3 0.4 mm, were carved out of the as-cast and SMATed BMG plates. Tensile tests were then performed at room temperature and at a constant strain rate of 10 24 s 21 . To avoid experimental artifacts resulting from sample slippage in fixtures, tensile strain was measured by the digital image correlation (DIC) method (see Method). After tensile fracture, the surface morphologies of all specimens were investigated by electron microscopy.
Results
Surface Mechanical Attrition Treatment (SMAT). The SMAT process was performed using an in-house developed ultrasonic system with 512 2-mm stainless steel balls, in which the balls were excited by an ultrasonic horn of 20 KHz frequency [ Fig. 1(a) ]. The velocities of the balls were estimated to be on the order of 10 m/s, which can result in a strain rate up to ,10 3 s 21 in the treated BMGs 13 . After SMAT, the treated surface of the BMGs became relatively rougher with a root-mean-square (RMS) roughness of ,360 nm, but still looks much smoother than that after the classic shot peening process 14 , as shown in Fig. 1(b) . Through the bondedinterface technique 15 , the formation of profusive subsurface shear bands were observed corresponding to the different treatment times, Dt. As shown in Figs. 1(c) to (f), it can be seen that the size of the SMAT affected zone increases with Dt but seemingly saturates at ,210 mm when Dt . 40 minutes [ Fig. 1(g) ]. Furthermore, extensive X-ray diffraction tests were carried out on the surfaces of the different BMG samples. As seen in Fig. 1(h) , the broad peaks of the XRD curves indicate that the overall structural amorphousness was retained even after the 60-minute SMAT. As such, we can rule out any possibilities that secondary crystalline phases might have formed in the SMATed BMGs.
Mechanical Characterization of As-Cast versus SMATed BMG. Figure 2 (a) displays the true stress-strain curves obtained from the as-cast and SMATed BMG samples using the DIC method (See Supplementary Information). From these curves, one can clearly see that the as-cast samples do not possess any tensile ductility and fracture instantly upon yielding, which is similar to what have been reported in the literature 9 ; in sharp contrast, the SMATed samples exhibit a varying degree of unusual strain hardening and hence tensile ductility before the final failure. Impressively, the tensile ductility of ,2% was obtained after the sample was treated by 25 minutes. In contrast, the measured tensile ductility decreased when the BMG was under-or over-treated. Furthermore, it is noted that the yield strength of the SMATed BMG decreases somewhat but the fracture strength significantly increases with the rising tensile ductility. This unique feature of deformation provides importance evidence to understand the physical mechanisms underlying the ductility enhancement in the SMATed BMGs, as will be discussed in the later text.
Despite 16 , as shown by the inset of Fig. 2(a) , which simply assumes that the tensile plastic strain e p is accommodated through the shear-band displacements, or shear offsets, that were formed on the sample surface. In that regard, we can write:
where N is the total number of visible shear bands, l i the shear offset of the i th shear band, L 0 the sample gauge length, h the angle between the shear plane and the loading direction, r the density of the visible shear bands, and l the average shear offset. Table 1 lists the calculated tensile ductility of the SMATed BMG in comparison with the measured values, from which it can inferred that, despite the limited resolution of the SEM images and the simplicity of the effective shear-offset model 16 , the calculated e p generally agrees with the measured e p . This agreement thus confirms that multiple shear banding is the main source of the tensile ductility as witnessed in the tensile tests.
Residual Stress Distribution and Dynamic Structural Evolution. Like shot peening, the SMAT process gave rise to residual stresses in the treated BMG. By using the classic hold-drilling method [17] [18] [19] [20] , the residual stress distribution along the sample thickness direction was measured for the as-cast and SMATed BMGs (see Method). Interestingly, it was found that the most ductile BMG after the 25-minute SMAT exhibits a residual stress distribution drastically different from the others, which peaks at a compressive stress of ,500 MPa at the 30-mm distance from the impacted surface and then transits quickly to the tensile residual stress, as shown in Fig. 3(a) . By comparison, the other residual stress profiles either are too 'flat', with the maximum compressive residual stress ranging from 250 to 2100 MPa, or possess a spread-out peak located much deeper than the 25-minute one. As compared to the residual stress profiles usually measured in the shot-peened crystalline metals, which saturates with the dislocation density and thus the treatment time, the conspicuous variation in the residual stress profiles, as measured from the SMATed BMGs, is unusual, which may signal an intense structural evolution process being triggered by the SMAT process.
In principle, severe plastic deformation, as expected for the SMAT process, could result in rejuvenation or further 'disordering' of the BMG atomic structure 21 , which is accompanied by volume dilation. As this occurs, the outer layer of the treated BMG expands relative to the inner one, therefore giving rise to a compressive residual stress near the surface while a tensile residual stress inside. Here, we envision that structural relaxation may also take place with the prolonged treatment time, such as Dt .25 minutes, which counteracts structural rejuvenation, thus homogenizing the 'disorderness' of the amorphous structure and smoothing out the residual stress profile, as shown in Fig. 3(a) . To verify the above idea, differential scanning calorimetry (DSC) experiments were carried out. Figure 3(b) shows a set of DSC curves obtained from the as-cast and SMATed BMGs. A distinct exothermic peak can be observed on each of these curves, indicating that a remnant excess enthalpy was released during continuously heating at the constant rate of 20 K/min. This enthalpy recovery is followed by a distinct endotherm at a temperature close to the glass transition point T g , and then a crystallization exotherm at a higher temperature of T x , which is similar to what could be observed in regular glasses 22 . From these DSC curves, important thermodynamic properties, such as relaxation and crystallization enthalpy, could be derived, from which one can infer the SMAT induced structural evolution process in the treated BMGs. As shown in Fig. 3 (c) , the values of crystallization enthalpy for the SMATed samples are nearly identical to that of the as-cast, which again confirms the overall structural amorphousness of the SMATed samples. However, before crystallization occurs, it could be inferred that the amorphous structure of the BMG has been already altered by SMAT. As shown in Fig. 3(d) , the value of relaxation enthalpy DH relax significantly increases with the SMAT duration, rising rapidly from 23.54 J/g for the as-cast sample to 25.86 J/g for the one subjected to the 25-min treatment. According to Ref. 22 , this enthalpy releases indicate a free-volume raising process or a rejuvenated amorphous structure after SMAT. However, the value of DH relax is reduced and tends to saturate at Table 1 | Comparison of the tensile ductility e p measured from the stress-strain curve and that calculated based on the measured average shear-band spacing Ds, shear-band density r, shear-band offset l, and shear angle h 
Structural Characterization with Transmission Electron Microscopy. Next, extensive transmission electron microscopy (TEM) analyses were performed to characterize the amorphous structure at the different depths below the impacted surface of the SMATed BMG, as illustrated in Fig. 4(a) . Specifically, Figures 4(b) -(d) display the TEM images obtained from the BMG after the 25-minute treatment. Very interestingly, one can clearly see a grain-like microstructure with a dark-bright contrast at a distance of ,10 mm below the impacted surface. The sizes of the dark regions range from 100 to 200 nm while those of the bright ones from 10 to 50 nm, as seen in Fig. 4(b) . At a deeper distance of ,30 mm, the sizes of the dark regions are enlarged to 2-10 mm while those of the bright ones, however, remain almost unaltered [ Fig. 4(c) ]. The gradient microstructural features ultimately vanish at the distance of ,120 mm [ Fig. 2(d) ]. According to the corresponding selective area electron diffraction (SAED) patterns [the insets of Figs. 4(b) -(d) ] and also the high-resolution TEM [ Fig. 2(g) ], we confirm that the observed microstructures are all structurally amorphous.
The emergence of such a gradient amorphous structure can be rationalized by the theory of Bei et al. 23 , who proposed that shear-band networking may produce an amorphous grain-like microstructure in BMGs, viz., the sheared zones tend to form the boundary-like regions through percolation, which possess a relatively low density due to the increased disorder thereof, and the un-sheared regions thus appear as the dark regions with a relatively high density. Considering the gradient shear-band density as exposed on the cross section of the SMATed BMGs [ Fig.1(c) -(f) ], the hypothesis of Bei et al 23 . provides a reasonable explanation for the gradient amorphous microstructures seen in Figs. 4(b) -(e) .
To further testify the above hypothesis, nanoindentation tests were carried out across the sample thickness. As shown in Fig. 4(f) , a BMG sample with only one surface treated was used for the hardness measurement. To avoid the influence of materials pile-up, the hardness was measured through directly imaging the indent size by following the method detailed in Ref. 24 . Figure 4(g) shows the hardness so obtained as a function of the distance to the impacted surface. In accord with the structural features seen in the TEM images, the hardness reduces as the indentation approached the impacted surface. Considering the presence of a compressive residual stress near the impacted surface, which can boost up the apparent hardness 25 , we expect an even greater reduction in the intrinsic strength of the SMATed BMG, should the residual stress effect be removed. Therefore, this finding supports the hypothesis that the amorphous microstructure was formed due to profusive shear banding. Discussion Recently, it was shown that one could obtain bendable and malleable macro-sized glasses through residual stress engineering 14 or stretchable nano-sized glasses 7, 26 through size reduction. Despite all these successes, one last question still remains, i.e., can we make strong and stretchable glasses at the macroscopic scale? To materials scientists, this is not only a question of scientific curiosity but also a matter of great technologic importance. Today, many important industrial innovations demand large-sized glasses, such as display technology, energy harness and bio-technology 1, 12 . From the mechanical viewpoint, a uniform tensile stress represents the worst case of scenario one may encounter in a normal structural application; therefore, it is necessary to address the above question before glasses could be used safely and widely.
With the extensive experimental efforts as discussed above, it is clear that the tensile ductility comes along with a gradient amorphous microstructure, which promotes multiple shear banding while suppresses shear cracking at room temperature. On a qualitative basis, this may be attributed to an already 'softened' BMG surface, which offers easy sites for shear band nucleation as suggested in the previous work 23 . However, the simple argument cannot explain why cold-rolled or pre-compressed BMGs display no tensile ductility at room temperature 27, 28 . After all, the similar behavior of surface softening was detected after all these mechanical pre-treatments. In that regard, a deeper understanding is needed for rationalizing our current results. In what follows, we will provide an explanation by invoking a physical model 29 recently developed based on the structural heterogeneity in metallic glasses [30] [31] [32] [33] . According to the previous work [30] [31] [32] [33] , it is known that the amorphous structure of BMGs is heterogeneous, which consists of liquidand solid-like atoms as illustrated in Fig. 5(a) . Upon mechanical loading, the liquid-like atoms behave like inelastic inclusions, giving birth to local plastic events also known as shear transformations 34 ; while the solid-like atoms behave as a whole like an elastic 'matrix' upholding the structural integrity of the BMG. Based on this understanding, a micromechanical model was recently developed to account for the lack of tensile ductility in BMGs 29 . According to this model 29 , there are two atomic-scale inelastic deformation mechanisms competing with each other to control the fracture mode in a tensile test, i.e. cavitation in the elastic 'matrix' results in cracking and brittle fracture [ Fig. 5(b) ] while coalescence of the liquid-like atoms results in shear banding and ductile deformation [ Fig. 3(c)] . Accordingly, the material strength for cavitation and cracking s f , and that for shear banding s s , can be derived, respectively, as 29 : (a) The schematics illustrating the structural heterogeneity in metallic glass consisting of liquid-and solid-like atoms, the sketched mechanisms of (b) the brittle fracture in BMG due to cavitation and cracking at a low volume fraction of liquid-like atoms, and (c) the ductile deformation in BMG due to shear banding at a high volume fraction of liquid-like atoms, and (e) the trend of the experimentally obtained yield and fracture strengths with the tensile ductility showing excellent agreement with the theory 29 . (2) and (3), s f and s s vary with f LLA in an opposite manner. In such a case, brittle fracture corresponds to s f , s y for f LLA , 0, and ductile deformation to s f . s y for f LLA , 1. In general, the brittle-to-ductile transition (BDT) takes place when f LLA reaches a critical value f c . According to the previous work 29 , f c , 50% for the Cu-Zr or Zr-based BMGs with v , 0.36. Nevertheless, f LLA is low in the as-cast BMGs, which is usually less than 20% according to the atomic-stress theory 30, 35, 36 . As such, brittle fracture seems inevitable in the tensile test of BMGs, as noticed since the 1970s 8, 9, 37 . However, in our SMATed BMGs, the amorphous structure is severely deformed near the surface. Under the condition of constrained plastic deformation, the liquid-like atoms now percolate giving rise to the gradient amorphous structures. As a result, the local f LLA , as indicated by the fraction of the bright regions [ Fig. 4(b) -(c) ], can reach up to 50-70% near the surface, thus bypassing the BDT limit of ,50%
29
. Consequently, shear banding is preferred over cracking, which leads to the tensile ductility in the SMATed BMGs. Since the SMATed amorphous structure is not uniform, multiple shear banding develops until the potential shear banding sites with the high f LLA (.50%) are exhausted. When the flow stress reaches the fracture strength, shear banding again gives way to cracking and hence brittle fracture ensues. From a phenomenological perspective, this manifests as a strain hardening process as seen in Fig. 2(a) . As shown in Fig. 5(e) , the measured yield strength s y indeed decreases while the corresponding fracture strength s f increases with the tensile ductility. This trend finds excellent agreement with the theory.
Before closing, it is worth mentioning that the sharply peaked residual stress profile may help suppress cavitation, as discussed in the previous work 14 , and thus contributes to the enhancement of the tensile ductility. However, the SMATed BMGs after the 60-minute treatment exhibit limited but still appreciable tensile ductility compared to the as-cast despite that the measured two residual stress profiles are almost indistinguishable. Furthermore, it is known that compressive residual stress promotes the local yield strength or hardness; nevertheless, for the case of 25 min SMAT, the local yield strength decreases near the surface, which contradicts the residual stress effect but hints that structural rejuvenation overwhelms residual stress in altering the local plastic behavior of the SMATed BMG. From these regards, we believe that the role played by the residual stress must be supplementary to that of the microstructure change. Finally, we should emphasize that our current approach is applicable to other alloy compositions. Following the similar method, we also treated a Zr-based BMG with the chemical composition of Zr 55 Cu 30 Al 10 Ni 5 . Surprisingly, the SMATed Zr-based BMG exhibited a tensile ductility of nearly ,4%, almost twofold of what we already achieved in the Cu-Zr-based BMG (see Supplementary  Information) .
To conclude, we herein demonstrate that the brittle fracture in BMGs under tensile loading can be overcome by introducing a gradient amorphous structure through the carefully controlled SMAT process. Owing to the high volume fraction of the liquid-like atoms near the surface, shear banding is promoted while cavitation/fracture is suppressed, thus giving rise to the tensile ductility which cannot be obtained otherwise in the as-cast BMGs. Most importantly, the tensile ductility enhancement so obtained does not sacrifice but rather boosts the fracture strength of the glass, which somewhat reconciles the longstanding strength-ductility paradox facing BMGs. Since our method is in principle applicable to different alloy compositions, we envision that tensile ductility higher than 2-4% may be achievable in future, therefore paving the way for the structural applications of BMGs.
Methods
Material Fabrication. Alloy ingots with a nominal composition of Cu 46 Zr 47 Al 7 were prepared by arc-melting mixtures of pure metals in Ti-gettered argon atmosphere. Each ingot was melted several times to obtain chemical homogeneity and finally cast into a water-cooled copper mold to obtain a rectangular plate with the dimension of ,80 3 10 3 1 mm. The thickness was further reduced to 0.4 mm by grinding and mechanical polishing for mechanical characterization.
Surface Mechanical Attrition Treatment (SMAT). As pioneered by Lu and Lu 38 , the SMAT method was originally developed to induce surface nanocrystallization in crystalline metals. Here, it was exploited to enhance the room-temperature plasticity of bulk metallic glasses (BMGs). Similar to classic shot peening, the SMAT method also utilizes the flying shots to impact randomly on the surface of a material, from which the surface plastic deformation are expected to alter the local material structure and residual stress profiles [ Fig. 2(a) ]. Nevertheless, compared to shot peening, the SMAT process also displays its distinctions in the following aspects: (a) a more stringent requirement for the roundness of shots to minimize the risk of surface wear damage, (b) larger shots, ,300 mm to ,10 mm in diameter, being used than those in the classic shot peening, which are ,200 mm to ,1 mm in diameter, and (c) the randomness in the incident angle of the shots as compared to the nearly unidirectional impacts in the shot peening, which are usually close to 90 degrees.
In our SMAT set-up, a 20 kHz ultrasonic transducer was employed as the impulse source to excite a number of hard spherical shots, which were placed in a reflecting chamber (including an ultrasonic concentrator), to impact on the sample surface. Because of the high frequency of the system, the entire surface of the treated component was peened with a very high number of impacts over a short period of time. Such an experimental set up enabled a much better control of energy transfer into the treated material than otherwise, which was already found crucial to the SMATinduced structural alteration in the treated material 13 .
Tensile tests and Digital Imaging Correlation (DIC). The tensile tests were performed at room temperature and at a strain rate of 10 24 s 21 in a universal tensile test machine MTS Alliance RT/50. The tensile strain was measured by the digital image correlation (DIC) method using the commercial package Vic-3D TM (Correlated Solutions Inc., Columbia, SC, USA) (see Supplementary Information).
Hole-Drilling Method for Residual Stress Measurement. Residual stresses were measured using the incremental hole-drilling strain-gage method 20 . During the measurement, 2-mm holes were drilled to release the locked-in residual stress inside the material, then the stress-release induced strain was measured at the surrounding area of the hole by a strain gage rosette (with 3 strain gage located at 0, 135, 270 degrees direction), and finally the original residual stress was back out using finite element simulation.
X-Ray Diffraction (XRD).
To check the atomic structure of the as-cast and SMATed BMGs, the X-ray diffraction (XRD) tests were carried out with Co Ka radiation using a Bruker AXS D8 Discover X-ray diffractometer.
Transmission Electron Microscopy (TEM). The atomic structure of the Cu-Zr based BMG plates before and after SMAT were examined by transmission electron microscopy (TEM) on a JEOL 2010F operated at 200 kV. Following the previous method 39 , the TEM specimens, taken at the different depths below the SMAT surface, were prepared sequentially by mechanical polishing, dimple-grinding and ionmilling.
Scanning Electronic Microscopy (SEM).
The surface morphology and the fracture features of all the specimens after tensile failure were investigated by scanning electron microscopy on a Hitachi S4800 field emission gun (FEG) SEM.
Nanoindentation. Nanoindentation was carried out on the cross section of the BMG plates before and after SMAT on the Hysitron TM NanoIndenter TI950 using a Berkovich indenter. To avoid the surface pile-up effect, hardness was measured by direct imaging the indents.
Differential Scanning Calorimetry (DSC). The differential scanning calorimetry (DSC) experiments were performed on the as-cast and SMATed samples, using a Perkin Elmer Diamond DSC under high-purity flowing Ar at the heating rate of 20 K/ min. Aluminum pans were used as sample holders. For all the DSC runs, two successive runs were recorded with the second run serving as a baseline. The calorimeter was calibrated for temperature and energy at the heating rate of 20 K/min with high purity indium and zinc standards, giving an experimental accuracy for the temperature and the enthalpy of about 61 K and 60.5 J/g, respectively. For consistency, a 60-mm deep SMAT affected zone taken from the treated sample with a total mass ,10 mg was measured for all BMGs. 
